We report on a study to explore the deep electrical conductivity structure of the Dead Sea Basin (DSB) using magnetotelluric (MT) data collected along a transect across the DSB where the left lateral strike-slip Dead Sea transform (DST) fault splits into two fault strands forming one of the largest pull-apart basins of the world. A very pronounced feature of our 2-D inversion model is a deep, subvertical conductive zone beneath the DSB. The conductor extends through the entire crust and is sandwiched between highly resistive structures associated with Precambrian rocks of the basin flanks. The high electrical conductivity could be attributed to fluids released by dehydration of the uppermost mantle beneath the DSB, possibly in combination with fluids released by mid-to low-grade metamorphism in the lower crust and generation of hydrous minerals in the middle crust through retrograde metamorphism. Similar high conductivity zones associated with fluids have been reported from other large fault systems. The presence of fluids and hydrous minerals in the middle and lower crust could explain the required low friction coefficient of the DST along the eastern boundary of the DSB and the high subsidence rate of basin sediments. 3-D inversion models confirm the existence of a subvertical high conductivity structure underneath the DSB but its expression is far less pronounced. Instead, the 3-D inversion model suggests a deepening of the conductive DSB sediments off-profile towards the south, reaching a maximum depth of approximately 12 km, which is consistent with other geophysical observations. At shallower levels, the 3-D inversion model reveals salt diapirism as an upwelling of highly resistive structures, localized underneath the Al-Lisan Peninsula. The 3-D model furthermore contains an E-W elongated conductive structure to the northeast of the DSB. More MT data with better spatial coverage are required, however, to fully constrain the robustness of the above-mentioned off-profile features.
I N T RO D U C T I O N
The Dead Sea transform (DST) fault extends from the Red Sea spreading centre in the south to the Taurus-Zagros continental collision zone in the north (Fig. 1a) ; the fault separates the Sinai plate in the west from the Arabian plate in the east with a total length of approximately 1000 km (Garfunkel 1981) . As a consequence of continental breakup, the Red Sea and the Gulf of Suez were formed (Garfunkel 1981) . Along the DST, the movement partitioned into two main stages : an earlier shear movement of 60-65 km took place between 25 and 14 Myr. and a slip of 40-45 km is associated with the last 4.5 Myr. The displacement of older geological formations, particularly from the late Cretaceous, suggests a total displacement of 100-110 km . Garfunkel et al. (1981) estimated an average slip rate of 7-10 mm yr −1 for the last 4-5 Myr. Based on geomorphologic studies carried out in the northern part of the Araba valley (a segment of the DST between the Dead Sea and the Gulf of Aqaba; see Fig. 1a ), Klinger et al. (2000) suggested an average slip rate of about 4 mm yr −1 . Global Position System measurements (Leloup et al. 1999) carried out in the Araba valley estimated a present-day slip rate of 4.9 ± 1.4 mm yr −1 . For the later phases of the movement along the fault, Garfunkel et al. (1981) suggested oblique shear directions of approximately N15
• E which caused the formation of several pull-apart basins. One of them is the Dead Sea basin (DSB), which is approximately 150 km long and extends from the southern Jordan valley near Jericho to the northern segment of the Araba valley (Fig. 1b) . The northern part of the basin hosts the Dead Sea; one of the world' s most saline lakes containing more than 30 per cent dissolved salts (Neev & Hall 1979) . North and south of the lake, the valley floor is 300-400 m 1610 N. Meqbel et al. below sea level, while the bottom of the lake is more than 700 m below sea level.
The Araba fault is the expression of the DST south of the DSB, while the fault' s north-westward extension is called Jericho fault; both faults are arranged in en-echelon (pull-apart). The DSB is delimited by fault scarps trending in north-south direction but the western fault scarp become weakly expressed at surface towards the northern Araba valley. The DSB is separated by the Al-Lisan Peninsula into northern and southern sub-basins (Garfunkel 1981; Ben-Avraham & Schubert 2006; Ben-Avraham et al. 2008) .
In the framework of the multinational and interdisciplinary projects DESERT (Dead Sea Rift Transect; Weber et al. 2009 ) and DESIRE (Dead Sea Integrated Research; this study; Weber et al. 2011) , several geophysical experiments were conducted across the Dead Sea Fault system. From 2-D P-wave velocity models obtained from seismic wide-angle refraction/reflection data across the DST, Mechie et al. (2009) suggested depths for the top of the seismic basement (P-wave velocities greater than 5.6 km s −1 ) of approximately 2 km in the vicinity of the DSB and of approximately 6 km at the eastern and western ends of the seismic profile. The top of the seismic basement of the southern sub-basin of the DSB was found at a depth of 11 km. Mechie et al. (2009) suggested that the Dead Sea pull-apart basin is essentially an upper crustal feature.
Density models derived from gravity data (Ten Brink et al. 1993 ) suggest a sedimentary infill of approximately 9 km for the northern part of the DSB. The largest negative gravity anomaly is associated with the Al-Lisan Peninsula. The gravity low was interpreted as the region of maximum sedimentary fill in excess of 18 km (Ten Brink et al. 1993) . Other density modelling studies carried out in the framework of DESIRE project suggest a smaller volume of sedimentary basin infill. Choi et al. (2011) estimated a thickness of 14 km in the vicinity of the Al-Lisan Peninsula, and thicknesses of approximately 8 km towards the northern and southern sub-basins. The Al-Lisan and Sedom salt diapirs appear as pronounced features in both mentioned density studies.
An integrated investigation by Ben-Avraham & Schubert (2006) and Ben-Avraham et al. (2008) , with results from Ginzburg & Ben-Avraham (1997) and Al-Zoubi & Avraham (2002) , proposed a sedimentary thickness of approximately 6-8 km for the northern sub-basin. South of the Al-Lisan Peninsula, an SE-NW oriented major normal fault was detected (Boqeq Fault; Fig. 1 ). Across the Boqeq fault basement overlying sediments to the south are offset by approximately 4-5 km. Hence, the Boqeq fault appears to be the northern boundary of the southern sub-basin which has a sedimentary thickness of ∼12 km (Ben-Avraham & Schubert 2006) . Thermomechanic modelling by Sobolev et al. (2005) suggested that shear deformation is localized in a 20-40 km wide zone around the DST, with the resulting mechanically weak decoupling zone extending subvertically through the entire lithosphere. Petrunin et al. (2012) showed that the DSB can be considered as a classical pullapart basin, assuming that the lithosphere was thermally eroded at about 20 Myr. and an uppermost mantle with relatively weak rheology, which would be consistent with lab data for wet olivine or pyroxenite.
Electrical and electromagnetic techniques (e.g. TEM and DC geo-electric) have been applied on either side of the rift valley to investigate the hydrological system, particularly to delineate the saline/fresh water interface close to the Dead Sea (Kafri et al. 1997; Salameh & E.-Naser 2000; Yechieli et al. 2001; Kafri & Goldman 2005; Yechieli 2006; Meqbel et al. 2013) . Deep magnetotelluric (MT) sounding data were collected in the framework of DESERT project along a long and several shorter profiles across the DST (Araba fault), approximately 150 km to the south of the DSB (Ritter et al. 2003) . Ritter et al. (2003) argued that the shear zone at this particular location of the Araba fault may be exceptionally narrow (in the range of a few metres), beyond the lateral resolution threshold of MT measurements. Instead, the inversion models were indicative for a fault acting as an impermeable barrier for cross-fault fluid transport. Clearly, the strike-slip configuration at this segment of the DST (Araba fault) is in stark contrast to the state of the fault at the DSB, where we observe very significant extensional forces which cause forking of the DST into two fault strands and formation of a very large pull-apart basin Garfunkel 1981) .
In this study, we discuss 2-D and 3-D electrical conductivity models derived from MT data collected in the framework of DESIRE project. The uppermost crustal structures (<4 km) were discussed extensively in Meqbel et al. (2013) . Here, we focus on implications for the lower crust and mantle lithosphere.
M T DATA C O L L E C T I O N A N D A N A LY S I S
The MT data were collected in 2006 October and November; the main profile, approximately 110 km long, was oriented N70
• E, approximately perpendicular to the surface trace of the DST. A second, approximately 20 km long 'in-basin' profile, was oriented N20
• E, roughly parallel to the western shore of the Al-Lisan Peninsula (Fig. 1) .
In total, 151 MT stations were deployed with site spacings varying between 0.5 and 2 km. The main profile consisted of 94 sites and the in-basin profile of 59. In the DSB and its vicinity, the site spacing was 0.5 km, further away from the DSB and towards the outer segments of the profile, the distances between the stations increased to 2 km. Short-period automatic magnetotelluric systems (S.P.A.M. MKIII; Ritter et al. 1998) and Earth data loggers were used to record data in the frequency range from 1 kHz to 1 mHz. Induction coil magnetometers (Metronix MFS05/6) were used to record three orthogonal magnetic field components; the horizontal electric fields were measured with non-polarisable Ag/AgCl electrodes of the Geophysical Instrument Pool Potsdam. Data acquisition was accomplished with two independent teams, working at the same time in Jordan and Israel which allowed us to record with up to 30 instruments simultaneously. This provided great flexibility for remote reference processing with many possible station combinations which improved data quality considerably, particularly in the period band 1-10 s. All data were processed with the EMERALD package (Ritter et al. 1998; Weckmann et al. 2005; Krings 2007) to calculate MT impedance tensors and vertical magnetic transfer functions (VTFs). Remote reference data processing (Egbert 1997) is also used to improve the data quality at few noisy sites.
Dimensionality and directionality analysis
Geoelectric strike directions and dimensionality parameters such as skew values of the main profile were already discussed in detail in Meqbel et al. (2013) . Here, we give a brief summary: Data from stations located at the eastern and western rift shoulders are consistent with approximately N-S striking regional 2-D structures, while data from stations within and close to the DSB are affected by 3-D features, such as the highly conductive Dead Sea brines. The geoelectrical strike directions were computed using the ellipticity criterion described by Becken & Burkhardt (2004) . Fig. 2(a) shows strike direction estimates of the main and in-basin profile data, (b) pseudo-sections of skew values and phase tensor ellipses (Bahr 1988; Caldwell et al. 2004) for both, ((c) and (d)) the main and in-basin profiles. The rose diagrams of strike direction (Fig. 2a) at the western and eastern segments indicate a dominant N-S strike direction. Strike directions at central stations show greater variation but a predominant N-S direction can still be recognized. The rose diagrams also show the 90
• ambiguity of the calculated strike direction. The phase-sensitive skew values (Bahr 1988 ) along the main profile show increased values (>0.3) for periods >8 s at stations located within the DSB (Fig. 2b) . At some stations in the DSB high skew values are even observed at periods as short as 0.1 s. Generally low skew values at the western and eastern rift shoulders and high values in the DSB confirm the strike direction analysis: The impedances on the eastern and western rift shoulders are compatible with 2-D structures, whereas the central part is influenced by 3-D subsurface structures. Figs 2(c) and (d) summarize results of the phase tensor analysis for comparison. Phase tensor β-values exceed (>±3
• ) for periods >8 s at stations located along the main and inbasin profiles. The largest β-values (>±5
• ) are observed at stations located close or inside the DSB for periods >10 s. High |β| values are also observed at periods >10 s at stations of the in-basin profile (Fig. 2d) . The relatively large |β| values at periods >8 s indicate the presence of 2-D structures at great depths striking in ∼N15
• E direction. Clearly, the electromagnetic fields recorded at stations located within the DSB are affected by 3-D structures, which can be expected in view of the complex geological and tectonic setting of this area. Consequently, and contrary to the eastern and western rift shoulders, the geoelectric strike direction of the in-basin stations appears scattered and without a predominant regional strike direction.
The VTFs describe the relationship between the horizontal and vertical magnetic field components; they are sensitive to lateral conductivity contrasts. This complex-numbered quantity is usually presented as induction vectors (IV) in map view for all stations at a particular frequency. IVs vanish if the subsurface within the induction volume (period dependent) is homogeneous or layered (Weaver 1994) . In Wiese convention (Wiese 1962) , the real parts of the IVs tend to point away from conductive areas where electrical currents are concentrated. longer vectors which may be due to very local geological features or electromagnetic noise. The IVs for longer periods at stations close to the western shore of the Dead Sea point mainly westwards, their lengths increase between 4 s up to 256 s and decrease again at periods >256 s. East of the Dead Sea and along the western coast of the Al-Lisan Peninsula, the direction of the IVs is approximately N135
• E rather than perpendicular to the eastern shore of the Dead Sea. This indicates a more complex geometry of conductive features, while the east-or westward pointing IVs of stations of the central part of the study area are indicative for a conductor elongated in N-S direction, which could be explained by the high conductive Dead Sea brines and the underlying sediments. Additional conductivity features are indicated by IVs of the westernmost stations at the longest periods, which could be related with the Mediterranean Sea, which is located approximately 100 km west of the profile.
2 -D I N V E R S I O N O F T H E M T DATA
Prior to 2-D inversion, the impedance tensor data and the VTFs must be rotated into a coordinate system aligned with the geoelectric regional strike direction. Following the discussion above (see Figs 2 and 3), we chose a geoelectric strike direction of N12
• E. After rotation of the impedance tensor, the xy-component is in the E-polarization (TE-mode) with electric currents flowing parallel to the strike direction. Electric current flow perpendicular to the strike direction is assigned to the B-polarization (TM-mode). Fig. 4 shows the rotated data as pseudo-sections of apparent resistivity and phases. The most pronounced feature comprises very low apparent resistivity values (<1 m) for all stations in the Dead Sea area (Fig. 4, label A) . At longer periods (>10 s ), we observe differences between the TE-and TM-mode apparent resistivity curves (Fig. 4, label B) . The TM-mode apparent resistivities are by one order of magnitude more resistive than the TE mode and the TMmode phases are at least 10
• lower than the respective TE-mode. This difference between the modes at longer periods indicates at least 2-D regional structures at depth. Another interesting feature can be seen at stations located within the DSB at periods between 1 and 10 s. We note an increase in the apparent resistivities (Fig. 4 , label C) and correspondingly low phases of 10
• for the TM-mode and approximately 20
• for the TE-mode. This spatially localized feature indicates a resistive structure embedded in a highly conductive host. Data of stations located to the east and west of the Dead Sea and for periods <10 s are consistent with a 1-D nature of the shallow subsurface (Fig. 4, label D) .
For 2-D inversion, we used the regularized non-linear conjugate gradient (NLCG) algorithm described by Rodi & Mackie (2001) . This algorithm is implemented in the WinGLink software package. The model mesh used for the 2-D inversion consists of 248 × 127 cells in y-and z-directions. Cell widths are almost linear in the area of interest with an average value of approximately 300 m and increase logarithmically outwards to avoid any influence from model boundaries. The cell thicknesses, particularly for the upper 5 km of the model, were chosen thin enough to ensure accurate solution of the differential equations for the high-frequency data. As fine vertical gridding is also required to recover shallow structures we set a thickness of 20 m for the first layer, thicknesses of all subsequent layers increase logarithmically by a factor of 1.1. We also included topography and a rough bathymetry of the Mediterranean Sea as a priori information for the inversion. The entire model domain extends from −10 000 to 10 000 km in horizontal directions and to a depth of 3500 km in the vertical direction.
We ran numerous inversions to test the influence of a wide range of inversion parameters, such as assessing the influence of individual data types (TE, TM and VTFs), model discretization and regularization parameter. Fitting the TM-mode and VTF data separately results in similar models, while inversion of the TE-mode (apparent resistivity and phase) shows different structures in the vicinity of the DSB. If only the TE-mode phases are fitted, the inversion model is consistent with the results of inversions of TM-mode and VTFs. As the apparent resistivity data of the TE-mode at stations close the DSB are strongly affected by 3-D inhomogeneities and/or by static shift, they were excluded from the 2-D inversion.
For the preferred 2-D inversion model in Fig. 5 , we used all available data components (TE-, TM-modes and VTF' s; excluding TE-mode apparent resistivity) and the full period range from 0.001 to 3000 s. A 5 per cent error floor was set for the TM-mode apparent resistivities and 0.6
• to the TM-and TE-mode phases. A constant error floor of 0.03 was set to the vertical magnetic components. Apart from topography and bathymetry of the Mediterranean Sea (0.3 m), a homogeneous background of 100 m was used as starting model for the 2-D inversion.
For the model in Fig. 5 (a), approximately 2000 NLCG iterations were required to reduce the overall normalized root mean square value (nRMS) from 12.5 to 1.8 (computed for all sites, all data points and all periods) which is acceptable for the assigned error bounds. The nRMS values for individual stations (see Several interesting features, labelled as A, B, C, D, D1, E and F, can be identified in Fig. 5 (a). Two resistive blocks A and B (>1000 m) extend from approximately 2.5 km to several tenths of kilometres depth. On top of these two resistive blocks (A and B) appear sequences of alternating conductive and moderately resistive layered material (labels C and E). Highly conductive structures D (<5 m) are observed directly beneath the DSB to a depth of approximately 5 km. The high conductivity appears to be interrupted by moderately resistive material at shallow crustal levels (D1). All of the structures revealed in the upper 5 km of the crust (labels A, B, C, D, D1 and E) were discussed in detail in Meqbel et al. (2013) . For this study we focus on the implications for the deeper crust and upper mantle, particularly on feature F in Fig. 5(a) .
This deep-reaching, subvertical conductive region labelled F is a very pronounced and dominant feature of the 2-D inversion models, which separates the two resistive blocks of the eastern and western rift shoulders at depths >10 km. The resistivity of F varies between 1 and 10 m, with the lowest values being observed at depths between 30 and 40 km. Horizontally, conductor F extends for approximately 25 km (between profile km 30 and 55), and vertically, to a depth of approximately 60 km. At shallower depths, the conductor is inclined to the east and seems to be connected to the shallow basin conductor (labelled D) at a depth of approximately 10 km.
Judging from the nRMS values computed at each site ( Fig. 5b ), our preferred model fits the data within the assigned error bounds. To further test if the deep subvertical conductor is a required feature, we use constrained inversions. We adopted the so-called 'fix and invert' approach, for which particular structures of the conductivity model are kept fixed, the inversion is re-run and eventually the resulting new data misfits are analysed. Following this approach, we replaced all structures from the deeper part of the inversion model with resistivities of 1000 m and locked all cells below depths of approximately 18 and 30 km. Resistive blocks A and B were also set to resistivity values of 1000 m. For the constrained inversions, we used the same data types, error setting, model discretization and inversion parameters as for the preferred model (Fig. 5) .
Figs 6(a) and (b) show the constrained inversion results together with the corresponding nRMS values for each site. The inversion with fixed model parameters below a depth of 18 km stopped with an overall nRMS of 5.8. If the inversion cannot alter any of the structures below 18 km depth, this results in a significantly worse data fit (cf. Fig. 6c ) at almost all sites when compared to the preferred model in Fig. 5 . To compensate for the absence of the deep subvertical conductor F, the constrained inversion attempts to include cells with even higher conductivity (up to 0.1 m) at depth and we observe a widening of the conductive material towards shallower levels (Fig. 6a) . Interestingly, all other structures of the upper 5 km remain roughly the same. Similarly, fixing model parameters below a depth of 30 km results in an accumulation of conductive (≤1 m) structures towards the top of the constrained zone (Fig. 6b) . Improved data fits are observed (Fig. 6d) in comparison to the model in (Fig. 6a ) where resistivities were fixed below 18 km. However, worse data fits are observed at sites located at the eastern rift shoulder when compared to the data fits of the unconstrained (preferred) inversion results (green dots in Fig. 6d ). We conclude that in order to fit the MT data, particularly at long periods, highly conductive material is required for the region beneath the DSB, which must extend to at least lower crustal depths.
D I S C U S S I O N O F T H E 2 -D E L E C T R I C A L C O N D U C T I V I T Y M O D E L
Fault zone conductors (FZC) in the mid-and lower-crust caused by shear movements along major strike-slips faults have been observed worldwide using the MT technique (e.g. Ritter et al. 2003 Ritter et al. , 2005 Unsworth & Bedrosian 2004; Tank et al. 2005; Thiel et al. 2009; Becken et al. 2011; Desissa et al. 2013) . The geometry and the overall conductance of FZCs depend on local geological, hydrogeological conditions and the geodynamic (tectonic) setting of a fault (see Unsworth & Bedrosian 2004; Ritter et al. 2005 , and references therein.). Ritter et al. (2003) interpreted MT data collected along a profile across the Araba fault (a segment of the DST) which is located ∼150 km to the south of the DSB. The 2-D conductivity model for the upper 5 km of the crust suggested that the Araba fault acts as an impermeable barrier to cross-fault fluid transport and also that the damage zone of the DST is exceptionally narrow (metres range wide). A 3-5 km wide, subvertical FZC is imaged in the crust and upper-mantle west of the Araba Fault, which is spatially confined even in the ductile lower crust, but the bottom of the conductor is not resolved .
At the DSB, and contrary to the Araba Fault, the DST has a very significant extensional component which causes splitting of the DST into two fault strands and the formation of a very large pull-apart basin Garfunkel 1981) . Petrunin & Sobolev (2008) concluded from thermomechanic modelling studies that such a deep and relatively narrow pull-apart basin could only form in initially cold lithosphere if the major faults had low friction parameters of 0.1-0.2. Low friction conditions imply the presence of hydrous minerals and/or fluids. Alteration of granitic rocks which include Feldspar to varieties of hydrous minerals including Muscovite have been observed at deeper levels in many fault zones (Etheridge et al. 1983; Bruhn et al. 1990 ). Based on thermomechanic modelling, Petrunin et al. (2012) suggested that the state of the DSB as a classical pull-apart basin can be explained by thermal erosion of the lithosphere before approximately 20 Myr. As a consequence, we would expect relatively weak rheology of the uppermost mantle which would be consistent with the occurrence of wet olivine or pyroxenite (Petrunin et al. 2012) .
The deep subvertical conductive region F in Fig. 5 is likely linked to shear deformation of the DST in the middle and lower crust and related processes. High conductivities in active tectonic zones have often been associated with fluids and hydrous minerals (Boerner et al. 1998; Unsworth & Bedrosian 2004; Jones et al. 2005; Ritter et al. 2005; Wannamaker 2005; Becken et al. 2011; Meqbel et al. 2014) . For instance, Becken et al. (2011) interpreted a subvertical conductive anomaly extending through the entire crust northwest of Parkfield in California as a migration path for deep (partly mantle derived) fluids into the San Andreas Fault system. Signatures of mantle derived fluids in surface waters have been reported from major strike-slip faults around the world (e.g. Kennedy et al. 1997) . For the DST system, Friedman et al. (1999) suggested from analysing strontium isotopes that mantle-derived fluids contributed to the formation of dolomites found close to hot springs along the eastern side of Dead Sea rift valley. Eraifej (2006) (Etheridge et al. 1983; Bruhn et al. 1990) , (iv) generation of hydrous minerals by retrograde metamorphism (Etheridge et al. 1983 ) and (v) some combination of these processes. Fig. 7 shows a conceptual model summarizing these ideas.
Ruling out a major contribution from shear heating, a hypothesis that seems plausible for low friction coefficients and slip rates (Leloup et al. 1999) , the observed surface heat flow of 45-53 mW m −2 would suggest temperatures between 280
• C-343
• C for a depth of 20 km and 387
• C-483
• C for a depth of 30 km (AlZoubi & ten Brink 2002 , and references therein). Hence, middleto low-grade metamorphism can be expected to occur at depths of approximately 30 km and retrograde metamorphism at depths of approximately 20 km (Etheridge et al. 1983) . The formation of hydrous minerals in the lower crust leads to a release of water which has a tendency to migrate upwards. With decreasing temperatures, at depths of approximately 20 km, upwards-migrating fluids can Figure 7 . Conceptual model derived from integrating petrophysical, geological, hydrological, tectonic and geodynamic information with the preferred 2-D conductivity model. The subvertical conductive anomaly in the middle and lower crust underneath the DSB is interpreted as a 20-25 km wide system of shear zones, filled with fluids released from a range of sources. Fluids from the uppermost mantle mix with fluids released from middle to lower grade metamorphism (white arrows). Retrograde metamorphism at the brittle-ductile transition zone consumes some of these fluids by forming hydrous minerals such as Muscovite. Excess fluids migrate upwards (grey arrows) and mix with meteoric (surface) water. White dots show the positions of major earthquakes projected onto the section (after Braeuer et al. 2012) . Horizontal dashed lines (white) indicate transition from upper to middle and lower crust after seismic velocity models (e.g. Aldersons et al. 2003; Mechie et al. 2009 ). WBF and EBF are, the Western and Eastern Boundary Faults, respectively. be consumed by retrograde metamorphism, which causes Feldsparrich rocks, such as granites, to be converted to rocks which are rich in hydrous minerals, such as Muscovite. Bruhn et al. (1990) argued that the strength of a Muscovite-rich rocks is substantially lower than the strengths for wet and dry granite or quartz. Muscovite-rich rocks form over time, a semi-permeable layer for fluids at midcrustal levels (see Ten Brink & Flores 2012; Etheridge et al. 1983 , and references therein). Fluids which are not consumed by retrograde metamorphism reactions continue to rise and eventually mix with ground water systems at surface. Ten Brink & Flores (2012) also proposed such a Muscovite-rich layer in the middle crust beneath the DSB to explain rapid subsidence rates. The conductivity distribution of our 2-D inversion model for the DSB supports such a scenario.
3 -D I N V E R S I O N A N D M O D E L L I N G
Geoelectric strike and dimensionality analysis (see Fig. 2 ) suggest an influence of 3-D structures, in particular at stations located in the central part of the study area (Dead Sea area). Obvious offprofile 3-D features are the highly conductive Dead Sea brines and the underlying sediments with variable thickness. To account for some of these effects, that is, to achieve some areal site coverage, we collected additional MT data along a much shorter in-basin profile (Fig. 1b) .
For 3-D inversion, we used the Modular System (ModEM) of Egbert & Kelbert (2012) and Kelbert et al. (2014) with additions for parallel computing described by Meqbel (2009) . ModEM is based on a finite-difference (FD) approach to solve Maxwell's equations on a staggered grid. Solving the EM forward modelling problem in 3-D requires placing the boundaries of the model domain far enough away from any inhomogeneities (e.g. Weaver 1994 ). Usually, a number of padding cells are attached to all sides of the model to ensure this condition is fulfilled. This results, however, in significantly increased grid sizes for model and inversion domains. To overcome this problem, we adopted the so-called 'nested modelling' approach, in which the induction equations are initially solved for a coarser grid of a large regional-scale model. The coarse model includes realistic rough bathymetry of the Mediterranean and the Dead Sea. The electric field solution of the large model provides the boundary values (tangential electric field components) for a much smaller modelling domain, centred on the area of interest. This strategy considerably reduces size of the models and allows using a more uniform numerical grid, which in turn leads to overall faster convergence rates and improved accuracy of the forward modelling and gradient computations.
For the regional electric field solution, used subsequently for all nested modelling and inversions, we used a large grid, consisting of 70 × 70 cells in x-and y-directions, with a horizontal cell size of 2 km 2 in the central part and increasingly larger cell sizes towards the edges of the model. For gridding the vertical (z-) direction, we had to consider fairly steep topography (from 1300 m a.s.l to 420 m b.s.l), a wide frequency range of the observations and very low apparent resistivities of the Dead Sea brines. Eventually, we used 37 layers with thicknesses of 50 m each, followed by 53 layers with logarithmically increasing thicknesses (factor of 1.1). This results in a total number of 90 layers in the vertical direction and a lower model boundary of 425 km. We also added ten air layers. All 3-D inversions were started and penalized against a homogeneous half-space of 100 m which had the Dead Sea brines (0.2 m) and the Mediterranean Sea (0.3 m) included as a priori information.
For the 3-D inversions, we used the full impedance tensor (Z) and the vertical magnetic field components (Tz) from a subset of stations from both the main and in-basin profiles, using 20 periods in the range between 0.01 and 2000 s. We assigned error floors of 5 per cent of |Z xy Z yx | to the four complex impedance tensor components. A constant value of 0.03 was used as an error floor for the vertical magnetic field components. Contrary to the 2-D inversion, the data were not rotated for 3-D inversion. Some heavily biased or scattered data points were discarded by visual inspection.
Handling the regularization parameters in NLCG algorithms is very important. In ModEM, rapid or continuous changes of the regularization parameter λ (lambda) during the inversion process can result in a loss of orthogonality of the search direction vectors in the NLCG algorithm. On the other hand, using a fixed value of λ can cause the NLCG algorithm to get stuck in local minima. For the 3-D inversion results presented in this study we used the following procedure to update λ: (i) the inversion is started with a value of 1.0; (ii) at each iteration, the difference between the data misfit (in terms of RMS) of the current and previous iterations is computed and (iii) if the differences between the RMS values is below a certain threshold (e.g. <0.002) we decrease the value of λ by dividing its current value by a factor of 10. The value of λ is decreased in the third step to ensure the NLCG algorithm can escape from a local minimum. We choose a very small threshold value (<0.002) to avoid a rapid change of λ to ensure that orthogonality of the search direction vectors is maintained.
Determining appropriate smoothing parameters in ModEM is crucial as they depend on many factors including cell sizes. For the results presented in this study, we tested a range of smoothing parameters to ensure good data fit but keeping structures connected. The smoothing parameters were kept fixed during all inversion runs discussed in this study.
Appropriate gridding is essential to find a good compromise between model dimensions (computation time), accuracy of the numerical solutions and optimum data fit. Fig. 8 shows an example of two nested modelling inversion runs using the full data set (Z+Tz) and two different model discretizations. First, a coarse nested grid was constructed using horizontal cell sizes of 2 km 2 and a minimum cell thickness of 50 m (similar to the outer larger grid). For the finer, nested model grid, we subdivided all horizontal cells in the vicinity of site locations and the vertical cell thicknesses to a depth of 100 km by a factor of 2. The coarse grid comprised of 30 × 54 × 69 cells in the x-, y-and z-directions, while the finer grid contained 49 × 108 × 90 cells. The core modelling area of the coarse and fine grids is 60 km in NS (or x-) direction and 112 km in EW (or y-) direction. This core area is nested into a larger modelling domain with dimensions of 322 × 322 km. Comparison between the two inversion results in Fig. 8 reveals significant differences. The much smaller data misfits and consistency of the obtained structures all suggest that the finer nested grid is required.
The topography along the main profile varies between ∼1300 m above sea level at the eastern rift shoulder and ∼430 m b.s.l at the Al-Lisan Peninsula. The FD code used for this study (ModEM) does not account for horizontal conductivity contrasts (i.e. between earth and air) when interpolating the EM fields at surface. It is therefore not straightforward to include topography in a 3-D model. To increase numerical stability, it is essential to ensure that there is at least one horizontal cell between a cell which contains a site and an air cell. Fig. 9(b) shows a comparison between inversions with and without topography along the main profile. The strongest topography gradient is near the DSB and Fig. 9(c) shows that only the inverse model with topography resolves the expected stacks of subhorizontal layers on both rift shoulders, that is, consistent with structures labelled C and E in the 2-D inversion (Fig. 5) . Layered sedimentary sequences are also consistent with geological and hydrological information (see Meqbel et al. 2013 , and references therein). The inverse model without topography, on the other hand shows one (integrated) thick conductive layer at each side. Comparison between the data fits of the two inversion runs (Fig. 9d) indicates, however, that the impedance data (Z) is slightly better fitted by the inversion without topography; the reasons are not entirely clear.
It is well known that impedance tensor and vertical magnetic field data have different resolution capabilities with respect to horizontal and vertical subsurface conductivity contrasts (e.g. Vozoff 1991) . To better understand which structures are required by a particular data component, we also show 3-D inversion results for Z and Tz separately. The middle and right columns of Fig. 10(a) show the same depth slices as in Fig. 8 , the left column shows results of a joint inversion (Z and Tz) for comparison.
When fitting the impedance data we observe a stripe of conductive structures at shallow depths ( 5 km) which follows the main profile trace, and which is absent in the Tz model. On the other hand, a very pronounced (and expected) lateral conductivity contrast between resistive and conductive structures associated with the DSB (underneath the Al-Lisan Peninsula) is almost exclusively observed when fitting the Tz data. At depths 5 km, the impedance tensor only inversion reveals resistive material beneath the main profile, consistent with the expected Precambrian basement rocks. In contrast, the inversion model fitting Tz indicates two other lateral conductivity contrasts, with zones of high conductivity to the southwest of the Al-Lisan Peninsula and to the north of the eastern Rift shoulder. The joint inversion result in the left column of Fig. 10 is clearly dominated by structures required to fit the impedance data, as most of the structures revealed by the vertical magnetic field only inversion are not recovered. Consequently, the Tz data show much larger misfits in comparison to the Tz-only inversion (Fig. 10b) .
To find a better balance between the two data sets for a joint inversion, we developed a so-called 'Combined inversion approach' in which the inversion is started with a model containing a priori structures and not just a homogeneous background model. We further examine two strategies: (i) using the Tz-only inversion result (Fig. 11, middle column) as starting model and (ii) taking the average model of the two individual inversions as starting model (Fig. 11, right column) . As before, all inversions are penalized against the same prior model, which consists of a homogeneous half space (100 m) and the Dead Sea brines (0.2 m). Fig. 11 shows a comparison of these different inversion strategies. Structures of the upper ∼5 km beneath the eastern and western rift shoulders are largely similar. Discrepancies occur towards the central part at depths >5 km. When starting the inversion from a model fitting Tz data (middle column in Fig. 11b ), the strong lateral conductivity contrasts required by Tz data are maintained. Particularly, the resistive structures underneath the Al-Lisan Peninsula are kept. At depths >10 km, the eastern rift shoulder is imaged with resistivities >500 m, much higher when compared to the inversion which started from a 100 m half-space (left column). In the region of the DSB, we observe a pronounced subvertical, westward dipping structure in a depth range of 10-25 km. These deeper features are also visible when starting the inversion from the averaged (Tz, Z) model (right column), but not for the 'standard' joint inversion approach which results in a model with hardly any structures at depth (left column). Fig. 11(c) shows a similar comparison along the north-south trending in-basin profile. The most pronounced feature, revealed by all three inversions approaches, is a southward dipping conductor extending from shallow depths close to the Al-Lisan Peninsula to depths of approximately 10 km. Structures underneath the Al-Lisan Peninsula, however, appear differently. If the Tz data contribute to the inversion (middle and right columns in Fig. 11c ), the high resistive material beneath the Al-Lisan Peninsula splits into two parts: a smaller, shallower northern section and a larger, thicker southern part. Further differences between standard and combined inversion approaches become evident when looking at the ∼12 km depth slice in the map view (Fig. 11d) . Particularly, a conductive region north of the eastern rift shoulder is only evident for the combined inversion approach (middle and right columns).
To assess the quality of the three inversion models, Fig. 11 (e) shows nRMS values (averaged over all periods at each site) for the off-diagonal elements of the impedances and the VTFs. Overall, the achieved nRMS values are acceptable. When using the combined inversion approach the nRMS values decreased from an initial value of ∼8 to 2.3 after 84 NLCG iterations. The conventional inversion approach required 120 NLCG iterations to reduce the nRMS from an initial value of ∼63 to 2.7. Another general observation for all three inversions is a worse fit of the Z yx component when compared with the other impedance components. The fit of the vertical magnetic fields is worse for the combined inversion approaches when compared with Tz-only inversion (Fig. 10b, middle column) but significantly better, particularly for the T zy components of sites located towards the north and east, when compared to the conventional joint inversion (left columns of Fig. 11b) . Overall, the best compromise may be obtained by starting the inversion from the averaged model. Fig. 12 shows our preferred 3-D model in map view at eight selected depths from the uppermost crust to mid-crustal levels. It also shows cross-sections along the main and in-basin profiles. To simplify comparison with the 2-D inversion model in Fig. 5 , we use similar labels to describe features of the 3-D model. Contrary to the 2-D model, we refer to depths in the 3-D model relative to the highest point of the topography, which is approximately 1300 m a.s.l. For the top ∼1 km, the 3-D model reveals conductive structures (sedimentary sequences) along the eastern and western rift shoulders (labelled E1 and C1). Similar to the 2-D model (Fig. 5) , we observe higher resistivity between 1 and ∼1.6 km beneath the eastern and western rift shoulders (Figs 12a and b) and extremely conductive structures associated with the Dead Sea brines (label D; Fig. 12c ). At depths between ∼1.6 and ∼3 km, conductive structures E2 and C2 (Fig. 12d) are imaged along the main profile beneath the eastern and western rift shoulders. The area of the Al-Lisan Peninsula is associated with a spatially confined resistive structure (D1).
I N T E R P R E TAT I O N O F T H E 3 -D M O D E L
The sequences of conductive (E1, E2, C1 and C2) and resistive layers observed along the main profile are consistent with the 2-D inversion results (Fig. 5) . We interpret these structures as systems of aquifers extending along the eastern and western rift shoulders (Meqbel et al. 2013) . The spatial correlation of the resistive body D1 with the Al-Lisan Peninsula appears clearly in the 3-D inversion images (see Figs 13b and c) . We interpret D1 as resistive rock salt, coincident with a massive crystallized Halite intrusion (the Al-Lisan salt diapir). The Al-Lisan salt diapir covers most of the Al-Lisan Peninsula and extents vertically to a depth of ∼6 km (Figs 13b and  c) . This observation is consistent with seismic velocity models (e.g. Smit et al. 2008 ) and density models (e.g. Choi et al. 2011) .
At depths between ∼5 and ∼12 km, several off-profile features appear in the 3-D inversion model (labelled G1-G4 in Figs 12e and f). The most striking features are conductors labelled G1 and G2. G1 is located at the southern end of the in-basin profile which covers the southern part of the Dead Sea. G1 appears to be limited in its horizontal dimensions, but reaches depths of approximately 12 km with resistivities ranging between 1 and 20 m (Fig. 13b) .
Tectonically, the Al-Lisan Peninsula is delimited by the En Geddi and Boqeq normal faults to the north and south, respectively ( Fig. 1 ; (Figs 13b and c) .
Based on results from Ginzburg & Ben-Avraham (1997) and AlZoubi & Avraham (2002) using borehole stratigraphy and density models, Ben-Avraham & Schubert (2006) suggested a sedimentary thickness of 6-8 km for the northern sub-basin. They also describe the Boqeq fault, as a major SE-NW oriented normal fault south of the Al-Lisan Peninsula. Across the Boqeq fault, basement and overlying sediments are 'dropped-down' by approximately 4-5 km to the south. Ben-Avraham & Schubert (2006) therefore describe the southern sub-basin of the DSB as a drop-down rather than a pull-apart basin. Fig. 13(b) suggests that the Boqeq fault also separates resistive structures of the Al-Lisan salt diapir from conductive structures further south. The top of the Al-Lisan salt diapir (dashed black line in Fig. 13b ) correlates in general with the bottom of the very high conductive structures of the Al-Lisan sedimentary formations (D), which are likely brine saturated (Meqbel et al. 2013) . It is therefore possible, that the very high conductivities observed for G1 at depth are also caused by invasion of Dead Sea brines into the deeper sedimentary formations.
Conductive feature labelled G2 which is located to the north of the main profile at the eastern rift shoulder is required to fit the Tz data. Southward rotating IVs at periods >10 s (Fig. 3 ) also indicate a conductivity contrast located north of the eastern rift shoulder. Unfortunately, however, G2 appears at a location without MT site coverage. Fig. 13(d) shows a north-south trending cross-section extracted from the 3-D inversion model which crosses the Swiaqa fault (Fig. 1b) . The Swiaqa fault is a major EW trending wrench fault which rotates south-westwards near the Dead Sea (Khalil 1992; Masri 2003, see Fig. 13a ). The fault extends for ∼150 km from the Dead Sea to the Sirhan graben near the Saudi Arabia border. The fault appears to have been reactivated several times over the last 5 Myr. (Khalil 1992) and resembles a major zone of weakness in the basement. A basalt intrusion is exposed at its western end. It is remarkable that the surface trace of the Swiaqa fault coincides with a transition at mid-crustal levels from resistive Pre-Cambrian basement in the south to conductive anomaly G2 to the north (Fig. 13d) .
Conductive features G3 and G4 are located towards the western and eastern ends of the main profile. In cross-section view (Fig. 12i ), G3 and G4 appear to be part (or extensions) of layers E and C. Obviously though, these features appear at the outer edges of the main profile where we lose resolution and where boundary effects may also play a role. The general trend of G3 would be consistent, however, with a suggested dip towards greater depths (Stanislavsky & Gvirtzman 1999) .
Following the main profile, at depths between ∼6 and ∼20 km, the eastern rift shoulder is dominated by resistive structures (>500 m), labelled B in Figs 12(f) and (i). For depths >6 km, the western rift shoulder is also associated with higher resistivity material (labelled A in Figs 12f and i) but less pronounced when compared with the eastern rift shoulder. In the preferred 2-D inverse model (Fig. 5) , the deeper parts of both rift shoulders were also imaged as resistive features but with much higher resistivity values (>1000 m). The depths to the tops of resistive blocks A and B appear to coincide with the top of the crystalline Pre-Cambrian rocks, in good agreement with seismic velocity models (Mechie et al. 2009 ) borehole data (Gilboa et al. 1993) and the 2-D MT results.
Between depths of 10 and 20 km, we observe region F with higher conductivity, sandwiched between the more resistive blocks A and B (see Figs 12g, i and j) . The N-S cross-section in Fig. 12j shows that the two conductive features F and G1 are spatially separated. The conductive feature F is also disconnected from the overlaying highly conductive (brine saturated) Al-Lisan sedimentary formations (D). The cross-sections in Figs 12(j) and 13(b) suggests furthermore that the southward dipping Boqeq normal fault could separate anomalies G1 and F; the location of the fault plane was taken from Ben- Avraham & Schubert (2006) . Conductor F and its separation from G1 are required to fit the vertical magnetic field transfer functions (Tz). G1 appears only with the combined inversion approach which puts more weight on the Tz data than the standard inversion (see above). Nevertheless, compared to the Tz-only inversion, the lateral conductivity contrast between features A, F and B is expressed much weaker in the preferred model. To test the robustness of the conductive feature F in the preferred model we conducted several resolution studies.
A comparison between the cross-section along the main profile, extracted from the 3-D model (Fig. 12i) , and the 2-D model (Fig. 5) shows that the uppermost crust to a depth of ∼5 km appears similar in both. The deeper structures (>5 km) differ; particularly conductivity contrasts appear much stronger in 2-D than in 3-D. From a numerical perspective, solving the 3-D inverse problem with data acquired along a profile results in a highly underdetermined problem, with a large number of unknown model parameters that must be projected onto the model space. The diffusive nature of the MT method results in high sensitivities for the shallow part of the model. Apparently, the 3-D inversion introduces shallow off-profile features at the cost of levelling out conductivity contrasts for deeper structures beneath the profile. To overcome this problem, it may be possible to impose constraints in the model domain where no MT sites are available. The best way, however, would be having more data from additional MT sites to control the horizontal extend and conductivity contrasts off-profile.
To examine the influence of off-profile structures on the 2-D inversion results, we generated synthetic data from the preferred 3-D model. Similarly to the real data, we then rotated the synthetic data into the geoelectrical strike direction of N12
• E (see Fig. 2 and related discussion) and applied the same inversion settings as used to obtain the 2-D model presented in Fig. 5 . Fig. 14(a) are dominated by conductive structure labelled F, which appears directly underneath the DSB at depths between ∼18 and ∼50 km. The resistivity values of feature F vary between 2 and 10 m. The 3-D model (Fig. 12) , from which we generated the data, does not contain such a conductivity contrast. Very likely, such phantom structure at depth appear in the 2-D inversion model to accommodate for (shallow) off-profile features, such as G1 located to the south of the profile and the Dead Sea brines to the north. G2 (see Figs 12e and f) may be responsible for the appearance of conductive structures ( 10 m) which interrupt the resistive Pre-Cambrian strata of the eastern rift shoulder.
We conducted further tests to examine the sensitivity of the field layout (i.e. site distribution) towards changes in the model parameters, particularly with respect to conductive feature F revealed from the 2-D modelling (e.g. Fig. 5) . We altered the preferred 3-D model (Fig. 12) to include structures mimicking feature F with resistivity values of 1 m and a strike in N-S direction, that is, 2-D structures (Fig. 15a) . The horizontal extension of the included conductive feature was ∼15 km in y-direction. We computed responses for two different site distributions: (i) the real site distribution (blue dots in Fig. 15d ) and (ii) an ideal site distribution on a quasi-regular 2-D grid with a spacing of 2.5 km (black dots in Fig. 15d ), in addition to the real site distribution. The model responses were computed using the period layout of the preferred 3-D inversion model and we assigned error floors of 5 per cent of |Z xy Z yx | to the four complex (Fig. 12) . Off-profile feature G1 (Fig. 13b) in combination with the Dead Sea brines may be responsible for the appearance of highly conductive feature F in the 2-D inversion model. impedance tensor components of the predicted data. A constant value of 0.03 was used as error floor for the vertical magnetic field components. Fig. 15(b) shows the inversion results of the synthetic data but using the real site distribution. Obviously, with the real site distribution, mostly following a profile, the 3-D inversion fails to recover the massive conductive channel, labelled 1 m in Fig. 15(a) . Structures in the upper ∼5 km are generally well recovered, except for the highly resistive structures associated with the Al-Lisan Peninsula. When using the ideal data set computed on a regular 2-D grid (Fig. 15c ) the 3-D inversion recovers the deep conductive channel, but its top appears smeared with the overlaying conductive sedimentary formation of the southern DSB (G1). In summary, with the site coverage used for the field experiment we neither can confirm nor exclude the existence of a deep, subvertical conductive structure (feature F) underneath the basin. More MT data with a better areal site distribution would be required to solve the puzzle.
D I S C U S S I O N A N D C O N C L U S I O N S
2-D inversion results of MT data gathered along a transect across the DSB reveal a pronounced subvertical electrically conductive channel at mid-and lower-crustal levels underneath the DSB, where the DST fault forks into two fault strands (Araba and Jericho faults) forming one of the largest pull-apart basins of the world. FZC have been observed along major strike-slips faults around the world using the MT technique. We can plausibly interpret the subvertical conductive channel imaged in our preferred 2-D model in terms of a FZC in the middle and lower crust caused by shear movements along the DST fault. We attribute the conductive material within the fault zone to: (i) an upward migration of deep (partly mantle derived) fluids, (ii) released fluids during middle-to low-grade metamorphism in the lower crust and (iii) hydrous minerals created during retrograde metamorphism in the middle and upper crust.
Geochemical and geothermal reservoir modelling conducted at several hot springs along the DST fault reveal signatures for mantle derived fluids. Surface heat flow values (45-53 mW m −2 ) observed in the vicinity of the DSB is consistent with middle-to low-grade metamorphisms in the lower crust and a retrograde metamorphism in the middle and upper crust. Thermomechanic modelling suggests the presence of shear deformation localized in a 20-40 km wide zone around the DST fault, with a resulting mechanically weak decoupling zone extending subvertically through the entire lithosphere (Sobolev et al. 2005) . Thermomechanic simulations also suggest that the DSB can be considered as a classical pull-apart basin, assuming that the lithosphere was thermally eroded at about 20 Myr. and an uppermost mantle with relatively weak rheology, which would be consistent with lab data for wet olivine or pyroxenite (Petrunin et al. 2012) . In addition, the low friction coefficients required to model the architecture of the DSB thermomechanically and the high subsidence rate of the basin sediments suggest the presence of hydrous minerals within the FZC.
In north-south direction, the DSB splits into sub-basins which are divided by a normal fault (Boqeq fault). Geophysical studies (gravity and seismics) conducted in and in the vicinity of the DSB suggest a sedimentary thickness of approximately 6-8 km for the northern sub-basin (Ten Brink et al. 1993; Choi et al. 2011) . A southward drop-down along the Boqeq normal fault could result in deposition of an additional 4 km of sediments into the southern sub-basin (Ben-Avraham & Schubert 2006). The spatial distribution of the deep sedimentary formations in combination with the extremely conductive Dead Sea brines influence the outcome of the 3-D inversion, particularly the results along the main profile. The existence of a prominent sub-vertical conductor beneath the DSB remains enigmatic. There are strong hints that the depth extend and the extremely high conductivity revealed by the 2-D inversions are to a great extent influenced by the juxtaposed sedimentary formations which act as off-profile features which cannot be accounted for by 2-D modelling.
3-D modelling of quasi-profile data and in general is not straightforward and requires a considerable amount of attention. With the 'combined joint inversion' approach we could make better use of the information contained in the impedance tensor and VTFs, as standard 3-D inversion leads to models which mostly ignore structures required to fit the vertical magnetic fields. Nested modelling, inclusion of topography and fine discretization of the model space were all essential to derive geologically meaningful models and a reasonable data fit. The upper crustal structures revealed in our preferred 3-D resistivity model are to great extent consistent with structures revealed by 2-D inversion. The main discrepancy between the 2-D and 3-D models is observed underneath the DSB. The 3-D inversion model shows a weak signature of a subvertical conductive channel which was dominating the 2-D inversion result. Instead, the 3-D inversion suggests a deepening of electrically conductive material (sediments) off-profile towards the southern sub-basin. While this result could be geologically reasonable, this conductor appears in the 3-D inversion model where we have no site coverage. With the available sites, we can neither confirm nor exclude the existence of a deep reaching, subvertical conductive structure beneath the DSB. More MT data with a better areal site distribution would be required to address this important question.
